Abstract We synthesized a novel poly acrylic acid-organobentonite (PAA-Bent) nanocomposite by successive intercalation of cetyltrimethylammonium (CTA) surfactant and polyacrylic acid (PAA) into the bentonite (Bent) interlayer spaces. The surfactant-modified clay (CTABent) and PAA-Bent nanocomposite were characterized by XRD and FT-IR techniques and used for removal of Pb(II) from aqueous solution. The XRD results confirmed the intercalation of CTA and PAA into the interlayer spaces of the bentonite increasing the d 001 spacing of the clay from 12.2 up to 38.9 Å . FT-IR analysis of the modified clay samples revealed the functional groups of CTA and PAA constituents alighted on the bentonite surfaces. Maximum Pb sorption capacity of the Bent and PAA-Bent predicted by Langmuir model were 52.3 and 93.0 mg g -1 , respectively, showing that the synthesized nanocomposite superiorly adsorbed Pb from the solution as compared to the Bent. The maximum Pb removal efficiency of 99.6 % was achieved by the nanocomposite at 25°C with \30 min contact time for a 7.5 g L -1 solid-to-liquid ratio and an initial metal concentration of 400 mg L -1 . The results indicated that PAA-Bent nanocomposite can be efficiently used as a superadsorbent for the removal of Pb(II) from aqueous solution.
Introduction
Lead (Pb) is one of the most toxic and easily encountered metals released into the environment through various industrial activities, consumer products, and waste disposal. Lead is used in the production of batteries, ammunition, sheet lead, solder, pipes, paints, medical equipment, ceramic glazes, and electronic products (Ogunseitan 2007; Hoet 2005) . The two primary routes of Pb exposure for humans are inhalation and ingestion. After being absorbed from the gastrointestinal tract or the lungs into the blood system, Pb attaches to proteins in the blood and conducted to different tissues in the body (Ogunseitan et al. 2000; ATSDR 2007 ). Lead exposure is estimated to account for up to 3 % of the human burden of disease attributable to controllable environmental risk factors, and children are particularly vulnerable to the detrimental health impacts, including cognitive impairment, anemia, kidney malfunction, mental retardation, and cardiovascular disease (ATSDR 2007; Milovantseva and Ogunseitan 2011; Saleh and Gupta 2012) .
Elevated levels of Pb in surface waters may be originated from deposits of atmospheric dust, industrial wastewater, urban runoff, and mine tailings (Chern et al. 2007 ). Removal of Pb from the polluted waters and wastewaters is, therefore, important in terms of protection of the public and environmental health. Traditional metal-removal techniques from water such as precipitation, oxidation, reduction, electrochemical treatment, reverse osmosis, solvent extraction, ion-exchange and evaporation are mostly expensive and difficult to apply (Ö zcan et al. 2009; Kul and Koyuncu 2010; Gupta et al. 2012, Gupta and Rastogi 2009) . Compared with the traditional methods, adsorption has received specific attention because it has significant advantages including high efficiency, easy handling, high selectivity and minimum production of chemical or biological sludge (Randelovic et al. 2012; Gupta et al. 2007a Gupta et al. , b, 2009 .
Clay minerals, polymers and activated carbon have been used as adsorbents for removing metals from aqueous solutions (Randelovic et al. 2012; Duranoglu et al. 2012) . Activated carbon is the most extensively used adsorbent in water purification processes. However, it has some disadvantages including high cost, problems of regeneration, and difficulties of separation from wastewater (Wang et al. 2009a, b; Zhang et al. 2007) . Recently, much attention has been paid to clay minerals such as bentonite (Zhao et al. 2010; Ulusoy and Simsek 2005; Futalan et al. 2011) , attapulgite (Wang et al. 2009a, b; Chen and Wang 2009; Zhao et al. 2009 ), kaolinite (Unuabonah et al. 2008a, b) and zeolite (Ulusoy and Simsek 2005) as low-cost adsorbents with high specific surface area, chemical and mechanical stability, and high cation exchange capacities (CEC). Colloidal dispersions of clays, however, can cause some difficulties hindering water flow (Keren and Ben-Hur 2003) .
Polymers, having numerous functional groups such as carboxylic, amine, hydroxyl and sulfonic, could be used as complexing agents for the adsorptive removal of metal ions from aqueous solutions (Futalan et al. 2011; Chen and Wang 2009; Bleiman and Mishael 2010) . Lack of desirable mechanical properties and structural strength, however, is the main disadvantage of the most polymers for water treatment purposes. By intercalation of organic polymers into the layered clay galleries, organic-inorganic nanocomposites can be formed in which the clay framework serves to protect, stabilize and orient the polymer, and to mediate its function (Lu et al. 2001) . For example, polyacrylic acid (PAA) possesses many polar carboxylic groups with ability to form strong complexes with metal ions in solution (Tran et al. 2005) . The high water solubility of PAA, however, greatly hinders application of this polymer to remove heavy metal ions from wastewater. If PAA forms composites with clay particles, the solubility of the polymer becomes negligible as the polymer is linked to the insoluble clay particles. Furthermore, immobilization in the cross-linked network prevents coagulation of the dispersed clay particles.
Nanocomposite materials consisting of nanolayers of aluminosilicates and intercalated organic polymers have recently attracted considerable attention as potentially effective adsorbents. Few studies, however, have examined sorption of metal ions by the clay-polymer composites. For example, Chen and Wang (2009) synthesized a chitosan-g-poly(acrylic acid)/attapulgite composite for the removal of Cu(II) from aqueous solution. Huang et al. (2006) also developed cationic-modified zeolite microparticle/anionic polymer systems with great potential in wastewater treatments that require simultaneous removal of both soluble and colloidal contaminants. Here, we describe sorption abilities of a bentonitepolyacrylic acid nanocomposite for Pb(II) removal from aqueous solutions.
Materials and methods

Materials
All the chemicals used in this study were of analytical reagent grade and utilized without further purification. Bentonite (Bent) samples were collected from Mehredjan mine (33°36 0 7 00 N, 55°10 0 4 00 E), ground in a mortar and sieved using a no. 270 mesh (0.05 mm) sieve. The CEC of the bentonite sample was 66.0 cmol kg -1 as measured by Na-acetate method (Rhoades 1986 
Preparation of the organobentonite
An alkyl ammonium cation with long-chain (CTA ? ) was used to widen the gallery spacing between platelets of the Bent, so that PAAs could be grafted into the modified clay. To prepare the CTA-Bent, 20 g natural Bent clay was mixed with 300 mL distilled water and 6 mL of HCl 0.01 M and the mixture was heated to 70°C. The HCl was added into the clay suspension because acidic environment facilitates the distribution of quaternary ammonium cations inside the gallery spacing of the clays (Shirsath et al. 2011) . Then, CTA solution (0.05 mol L -1 ) was dispersed into the acidic Bent suspension. The amount of surfactant added was equal to 200 % of the clay CEC. The dispersion was subsequently stirred vigorously for 12 h at 70°C. The organobentonite was washed repeatedly using hot water until a negative bromide test was obtained with 0.01 M of AgNO 3 . The final precipitate was dried in an oven at 80°C for 24 h followed by grinding and sieving through a 0.05-mm sieve.
Synthesis of PAA-Bent nanocomposite
The poly acrylic acid-bentonite nanocomposite (PAABent) was prepared by dispersing 10 g of the CTA-Bent in 200 mL phosphate buffer solution (pH = 4.0) cooled to 4°C and sonicated for 10 min. Then, 200 mL of a 5 % PAA aqueous solution was added to the reaction flask and the sonication was continued for 30 min at 4°C. The mixture was then stirred at 60°C for 3 h, centrifuged at 5,000 rpm for 20 min, and the sediment was dried in oven at 70°C for 24 h. The dried sample was subsequently ground and particles smaller than 0.05 mm were used in the batch Pb(II) sorption studies.
Characterization of the modified clays
Organic carbon contents of the organobentonite samples were determined using a Skalar Primacs SLC carbon analyzer to assess actual loading of the surfactant based on the percentage of the CEC occupied by organic cation.
X-ray powder diffraction (XRD) patterns of the Bent, CTA-Bent and PAA-Bent were obtained by a Philips PANalytical X'pert high score diffractometer using Cu Ka radiation (k = 1.5418 Å at 40 kV and 40 mA) over the 2h range of 2°-40°.
The surface functional groups of the samples were characterized by Fourier transform infrared spectroscopy (FT-IR). The samples for the FT-IR measurements were mounted on a JASCO FT-IR 460 spectrometer in KBr pellets at room temperature. FT-IR spectra were recorded in the range of 400-4,000 cm -1 with a resolution of 4 cm -1
. A Jasco Spectral Analysis version 1.53.04 was used for analyzing the spectral bands.
Lead sorption by the sorbents Lead sorption tests were carried out using a batch technique. 0.15-g subsamples of each sorbent were transferred into 50-mL polyethylene centrifuge tubes in triplicates. Then, 20 mL of Pb(II) solutions in the concentration range of 50-1,200 mg L -1 was added to the tubes and the mixtures were agitated on a mechanical thermostatic shaker at 25°C and 180 rpm for 24 h. After equilibration, the mixtures were centrifuged at 2,500 rpm for 10 min and concentration of Pb(II) in the supernatant was determined by a PerkinElmer AAnalyst 200 atomic absorption spectrophotometer (AAS). Sorption of Pb(II) on the centrifuge tube wall was negligible according to the sorption tests in the absence of the sorbents.
The effect of contact time on Pb(II) removal by the sorbents was also studied at 25°C using a constant Pb(II) concentration of 400 mg L -1 in different times ranged from 5 to 1,440 min.
The sorbent dosage effect on Pb(II) removal was assessed by adding 20 mL volumes of an 800 mg Pb L -1 solution into 50-mL polyethylene centrifuge tubes containing 0.02, 0.05, 0.1, 0.15, 0.2 and 0.3 g of each sorbent. The reaction mixtures were then shaken at 25°C for 24 h, centrifuged and concentration of Pb(II) in the supernatant was determined by the AAS. Blank samples without sorbent were also considered.
Data analysis
Equilibrium Pb(II) sorption on the sorbents at each concentration was calculated from the difference between initial and final Pb(II) concentrations using the Eq. (1):
where q i is the equilibrium concentration of Pb(II) on the sorbent (mg g -1 ), C 0 and C i are the initial and equilibrium concentrations of Pb(II) in solution (mg L -1 ), respectively, m is the mass of adsorbent (g) and V is the volume of the solution (L). The removal percentage of Pb ions from the solution was also calculated using the Eq. (2), as follows:
The equilibrium data were fitted to the Langmuir and Freundlich isotherm models using non-linear regression technique. The Langmuir isotherm model is as follows (Zhao et al. 2009 ):
where C i and q i are equilibrium concentrations of Pb(II) in solution (mg L -1 ) and concentration of Pb(II) on the sorbent (mg g -1 ), respectively, and q max and K L are the Langmuir constants related to the sorption capacity (mg g -1 ) and affinity (L mg -1 ), respectively. The essential characteristic of the Langmuir equation can be expressed in terms of a dimensionless constant separation factor (R L ) (Chang et al. 2011) , which is defined in Eq. (4):
where C 0 is the initial metal concentration (mg L -1 ) and K L is the Langmuir constant. The value of R L indicates the nature of the sorption process to be either unfavorable (Zhao et al. 2009 ).
The Freundlich model is as follows (Sheikhhosseini et al. 2013 ):
where K F is a sorption capacity index and N is a measure of strength of the adsorption process. The smaller the values of N, the stronger the sorption bond will be for that specific sorbate (US Environmental Protection Agency 2009).
Results and discussion
Surfactant loading of the organobentonite
The amount of CTA surfactant sorbed onto the Bent was determined from the organic carbon (OC) content of the CTA-Bent. The OC content of the original Bent was 0.05 % which increased to 27.81 % in case of the CTABent. The amounts of CTA cations adsorbed by the Bent were, therefore, calculated from the OC content, being equivalent to about 185 % of the CEC of the clay. Also, the OC content of the PAA-Bent was greater than that of the CTA-Bent, suggesting that the PAA reacted successfully with the CTA-Bent.
XRD patterns
The X-ray diffraction (XRD) patterns of the Bent, CTABBent and PAA-Bent are presented in Fig. 1 , showing that the Bent mainly consisted of montmorillonite. Shift of the 001 peak of the montmorillonite toward the lower diffraction angles (2h) is a suitable indicator of increasing interlayer spacing (d 001 ) of the clay. Montmorillonite showed a d 001 -spacing of 12.2 Å which corresponds to an interlayer space (D) of 2.6 Å (D = 12.2 -9.6 = 2.6 Å , where 9.6 Å is the thickness of the individual clay layer). The basal spacing d 001 increased to 35.5 Å in the case of the CTA-Bent organo-clay with corresponding interlayer space of 25.95 Å which is attributed to the intercalation of long-chain cationic surfactant into the interlayer of montmorillonite, forming the intercalated nanostructure (Wang and Wang 2008; Mishra et al. 2012 ). The orientation of the surfactant ions in the montmorillonite interlayer space probably is a solid-like paraffinic arrangement of the chains with high packing density (Giannakas et al. 2008) . Koswojo et al. (2010) also reported that, after modification process of a bentonite sample with CTA equivalent to 150 % of the clay CEC, basal spacing was increased to 25.1 Å . In practice, surface modification of montmorillonite is required prior to the polymer nanocomposite synthesis (Tran et al. 2005; Huang et al. 2006) . The role of the surfactant is mainly to enlarge the interlayer spacing to make room for the polymer to penetrate into the gallery space during the preparation of polymer-clay nanocomposites (Giannakas et al. 2008; Jankovič et al. 2011) .
The basal spacing of the PAA-Bent was 38.8 Å , indicating intercalation of the polymer into the interlayer space of the organobentonite. For PAA-Bent nanocomposite, the d 002 and d 003 reflections were also clearly shown in the XRD pattern (Fig. 1) indicating a highly ordered structure of the nanocomposite (Giannakas et al. 2008) . (Wang and Wang 2008; Bakhtiary et al. 2013) were observed on the FT-IR spectra of the surfactant-modified bentonite confirming the adsorption/intercalation of the CTA cations into the montmorillonite galleries.
The absorption bands related to bending vibrations of Si-O-Si and Si-O-Al occurred at 469.6 and 520.7 cm -1 , respectively (Zohra et al. 2008) , but the position of the bands was slightly changed to lower wave numbers after modification of bentonite with CTA surfactant (Table 1) . The absorption peak at 1,671.9 cm -1 in the spectrum of the nanocomposite was attributed to the C=O stretching vibrations of the COOH group (Zhao et al. 2009; Mahmoud et al. 2011) , indicating successful grafting of PAA on the surface of the CTA-Bent.
Lead sorption isotherms
The Pb(II) sorption parameters and correlation coefficients obtained from the Langmuir and Freundlich equations fitted to the sorption data are listed in Table 2 . The maximum Pb(II) sorption capacity of the Bent at 25°C was 52 mg g -1 which increased to 93 mg g -1 for the PAA-Bent system showing that the polymer-clay nanocomposite has much greater capacity for removal of Pb(II) from water as compared to the natural bentonite. The sorption capacity of Pb(II) by the CTA-Bent was 37 mg g -1 which was smaller than those of the PAABent and even Bent. The Freundlich K F constant, which is a measure of sorption capacity, was also greater for PAA-Bent than Bent which is in accordance with the q max values obtained from the Langmuir model. Table 3 compares Pb(II) sorption capacities of different sorbents reported in the literature with that of the nanocomposite obtained in this study. Although it is difficult to compare the sorption capacities determined in different experimental conditions, the PAA-Bent possesses a relatively high capacity for Pb(II).
The Langmuir K L constant was 0.128 and 0.226 L g The separation factor (R L ) values were all below 1.0 (Table 2) , which indicate the favorable adsorption of Pb(II) by Bent and PAA-Bent; however, the superior q max and K L values indicate that PAA-Bent exhibits an excellent potential for adsorption of Pb(II) from aqueous solutions.
Effect of time on Pb(II) sorption
The Pb(II) sorption from aqueous solution by Bent and PAA-Bent as a function of contact time is shown in Fig. 2a . The sorption of Pb(II) ions onto PAA-Bent nanocomposite was very fast and reached a pseudo-equilibrium within 30 min. This may be due to the great capacity of the nanocomposite with numerous reactive carboxyl functional groups on the surface for complexation of Pb(II) ions. It can be seen in Fig. 2b that Pb(II) concentration decreased sharply from 400 mg L -1 to about 1.5 mg L -1 within 30 min which is less than the discharge limit for wastewater (Karatas 2012) . The corresponding Pb(II) removal by the nanocomposite was 99.6 % which was significantly greater than the 63.62 % removal by the Bent. Sorption of Pb(II) on the Bent also started with an initial rapid step followed by a slower one, but no pseudoequilibrium condition was reached within 24 h. The Bent sample partly reduced Pb concentration in solution from 400 to 143.6 mg L -1 after 24 h. Tan et al. (2012) reported that rapid Pb adsorption on functionalized Fe 3 O 4 magnetic nanoparticles which occurred during the early stage may be due to the abundant availability of active sites on the adsorbents. With gradual decrease in the number of active sites, however, the uptake of Pb(II) ions became very slow.
Effect of sorbent dosage on Pb(II) sorption
The effect of sorbent dosage on the removal of Pb(II) ions by the Bent and PAA-Bent is presented in Fig. 3 dosage. This phenomenon has been previously reported by other researchers and ascribed to the interaction between colloidal particles (Gupta et al. 2007a, b; Wang et al. 2009a, b) . At the same sorbent dosage, the amount of Pb(II) sorbed per unit mass of PAA-Bent was greater than that for the Bent which can be explained by the fact that PAA-Bent contains larger numbers of adsorption sites (carboxyl functional groups) on its surface as compared to the Bent.
Conclusion
In this study, a polyacrylic acid-organobentonite nanocomposite (PAA-Bent) was synthesized, characterized and its performance was tested for the sorption of Pb(II) ions from aqueous solutions. XRD diffractograms showed that CTA surfactant cations and PAA polymers entered the interlayer of montmorillonite, the major mineral phase present in the Bent sample, resulting in formation of an intercalated nanostructure. FT-IR also revealed the specific functional groups belonging to the CTA and PAA constituents adsorbed and intercalated into the montmorillonite galleries. The maximum sorption capacity of the nanocomposite was 93 mg g -1 which was approximately twice as much as that of untreated Bent (52 mg g -1 ). The results also showed that PAA-Bent sorbed Pb very rapidly and a pseudo-equilibrium condition reached within 30 min. It can be concluded that PAA-Bent nanocomposite represents a new sorbent for efficient and fast removal of Pb ions from aqueous solutions, which may contribute to the improvement of waste water treatment and storm water filtration at the urban/watershed interface (Hipp et al. 2006) .
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